Ixazomib, the first oral proteasome inhibitor, is approved in combination with lenalidomide and dexamethasone for the treatment of patients with multiple myeloma (MM) who have received at least one prior therapy. Ixazomib is a selective, potent, and reversible inhibitor of the 20S proteasome, and preferentially binds to and inhibits the β5 chymotrypsin-like proteolytic site. Ixazomib absorption is rapid, with a median time to reach maximum plasma concentration of approximately 1 h post-dose. Ixazomib pharmacokinetics (PK) are adequately described by a three-compartment model (terminal half-life of 9.5 days) with first-order linear absorption (oral bioavailability of 58%). Plasma exposures of ixazomib increase in a doseproportional manner. A high-fat meal decreases both the rate and extent of ixazomib absorption, supporting administration on an empty stomach. Population PK analyses demonstrated that no dose adjustment is required based on age, body size/ weight, race, sex, mild-to-moderate renal impairment, or mild hepatic impairment. Results from dedicated studies indicate that a reduced starting dose (from 4 to 3 mg) is appropriate for patients with severe renal impairment, end-stage renal disease requiring dialysis, or moderate-to-severe hepatic impairment. Non-cytochrome P450 (CYP)-mediated metabolism appears to be the major clearance mechanism for ixazomib. Drug-drug interaction studies have shown no meaningful effects of strong inhibitors of CYP3A on ixazomib PK; however, the strong inducer rifampin caused a clinically relevant reduction in ixazomib exposure, supporting the recommendation to avoid concomitant administration of ixazomib with strong CYP3A inducers. Exposure-response analyses of data from the phase III TOURMALINE-MM1 registrational study demonstrate a favorable benefit-risk profile for the approved dose and regimen of weekly ixazomib 4 mg on days 1, 8, and 15 of each 28-day cycle.
Introduction
The ubiquitin-proteasome system is responsible for protein degradation within human cells and plays a key role in a number of biologic processes [1] . The proteasome is involved in the regulation of multiple signaling pathways and in the degradation of misfolded and unwanted proteins. Due to the proliferative nature of multiple myeloma (MM) cells and their dependence on signaling pathways regulated by the proteasome, they are particularly susceptible to proteasome inhibition [1] . MM cells also typically produce excessive amounts of paraprotein [1] , and proteasome inhibition prevents degradation of this excess of unwanted proteins, causing endoplasmic reticulum stress and triggering the terminal unfolded protein response [2] . Consequently, proteasome inhibitors (PIs) play a key role in the management of MM [3, 4] . PIs have contributed to the substantial improvements in long-term outcomes for MM patients seen over the past 15 years [5] and are now a backbone of MM therapy. The PIs bortezomib and carfilzomib require parenteral administration and are associated with specific adverse effects, notably peripheral neuropathy (PN) for bortezomib [6] [7] [8] [9] and cardiovascular toxicities for carfilzomib [10] [11] [12] . With an increased focus on long-term, continuous therapy in MM [13] [14] [15] [16] [17] , there has been a need for a PI that combines more convenient oral administration with a tolerable safety profile.
Ixazomib, the first oral PI, is approved in combination with lenalidomide and dexamethasone (Rd) for the treatment of patients with MM who have received at least one prior therapy [18, 19] . Approval was based on the results of the randomized, double-blind, placebo-controlled, phase III TOURMALINE-MM1 study, in which 722 patients with relapsed/refractory MM (RRMM) after one to three prior therapies received Rd plus either ixazomib (ixazomib-Rd) or placebo (placebo-Rd) [20] . Ixazomib-Rd significantly improved progression-free survival (PFS) compared with placebo-Rd (median 20.6 vs. 14.7 months, hazard ratio [HR] 0.74, p = 0.01), and a consistent PFS benefit was seen in key patient subgroups. Ixazomib-Rd was also associated with limited additional toxicity compared with placebo-Rd.
The clinical development of ixazomib was rapid, taking only 6 years from the date of initial enrollment of patients to the first phase I studies in RRMM [21, 22] to approval by the US FDA in November 2015 [18] . A critical component of this accelerated development was the prespecified, comprehensive characterization of the clinical pharmacology of this oral agent, incorporating preclinical findings, disease-specific medical considerations, and evolving clinical data. Notably, ixazomib obtained FDA approval without receiving any clinical pharmacologyrelated postmarketing requirements (PMRs) or commitments (PMCs), an uncommon occurrence for oncology new molecular entities [23] . Furthermore, the clinical pharmacology strategy for ixazomib embraced a modelinformed approach, thereby increasing efficiency, reducing the design of registration-enabling clinical pharmacology studies, and minimizing the need for redundant clinical investigations [24] . Here, we review the clinical pharmacology of ixazomib, highlighting the breadth of clinical pharmacology evaluation that was conducted for ixazomib and its translation to prescribing guidance.
Molecular Structure and Physicochemical Properties of Ixazomib
Ixazomib is a modified peptide boronic acid. It is formulated as a stable citrate ester, ixazomib citrate [25] , which rapidly hydrolyzes to the biologically active boronic acid form, ixazomib, under physiological conditions (i.e. upon exposure to aqueous solutions or plasma) [25] . The chemical structures of ixazomib citrate and ixazomib are shown in Fig. 1 . Ixazomib is highly soluble and has low permeability, suggesting it is a Biopharmaceutics Classification System (BCS) class 3 drug. The chemical structure of ixazomib contains one chiral center, with the drug substance determined to be ≥ 99.0% R-enantiomer. No chiral inversion of ixazomib occurs in plasma following administration (data on file). 
In Vitro Studies
In vitro studies have demonstrated that ixazomib is a selective, potent, and reversible inhibitor of the 20S proteasome that preferentially binds to and inhibits the β5 chymotrypsin-like proteolytic site with a half maximal inhibitory concentration (IC 50 ) value of 3.4 nmol/L [25] . The potency of ixazomib for the β1 caspase-like and β2 trypsin-like proteolytic sites is approximately 10-fold and 1000-fold less than for the β5 site, respectively, with IC 50 values of 31 and 3500 nmol/L. This selectivity and potency is similar to that seen with bortezomib, and both agents induce time-and dose-dependent increases in ubiquitinated proteins in vitro [25, 26] . However, ixazomib differs from bortezomib in terms of its binding kinetics, having a substantially shorter proteasome dissociation half-life (t ½ ); t ½ was approximately sixfold quicker with ixazomib (18 min) versus bortezomib (110 min) [25] .
Blood 20S Proteasome Inhibition
In vivo preclinical studies comparing ixazomib with bortezomib have shown that maximal 20S proteasome inhibition in blood is similar between the two agents; however, bortezomib had a more sustained pharmacodynamic effect than ixazomib, which may be related to the differences in proteasome-binding kinetics [25] . Pharmacodynamic analyses of data from clinical studies have indicated that ixazomib inhibits whole blood 20S proteasome activity in a dose-dependent manner [27, 28] . Pharmacodynamic profiling in a phase I study of intravenous ixazomib showed that proteasome inhibition in whole blood was immediate, and that proteasome activity recovered to predose levels within 24 h of single-dose administration in patients treated at or below the maximum tolerated dose (MTD) [28] . This blood 20S proteasome inhibition profile differs from that seen with the slowly reversible agent bortezomib [29] and the irreversible inhibitor carfilzomib [30] ; however, it is important to note that although blood 20S proteasome inhibition is a marker of target inhibition in blood, it is not a marker for downstream pathway modulation, nor is it a marker of target inhibition in tumors and does not directly correlate with antitumor activity [27] . Accordingly, in the absence of established quantitative pharmacologic linkage to antitumor activity, blood 20S proteasome inhibition was primarily used as a proximal pharmacodynamic biomarker during development, and was not utilized to guide decisions on dose/schedule selection, based on fundamental scientific principles underlying application of pharmacodynamic biomarkers in translational oncology [24, 31] . As such, dose/schedule selection was informed by prospective evaluation of the safety and clinical activity of once-weekly and twice-weekly dosing schedules in MM patients [21, 22, [32] [33] [34] .
Effects on Tumor ATF3, a Pharmacodynamic Marker of the Unfolded Protein Response
In addition to evaluating whole blood pharmacodynamics, the effects of ixazomib in tumor tissue have been studied by analyzing levels of tumor activating transcription factor-3 (ATF-3), a marker of the unfolded protein response and endoplasmic reticulum stress. Therefore, ATF-3 levels represent a downstream pharmacodynamic marker for pathway modulation following proteasome inhibition [28] . In a phase I study of patients with advanced solid tumors, ixazomib administration was shown to upregulate intratumoral ATF-3 levels [28] . Analysis of pre-and post-dose tumor biopsies from patients indicated target engagement/pathway modulation within the tumor, with six of seven paired samples showing a statistically significant increase in postdose levels of ATF-3 [28] . These data provided the first pharmacodynamic evidence of proteasome pathway inhibition by ixazomib in humans; however, these pharmacodynamic responses to ixazomib did not translate into clinical responses in solid tumors [28] .
Pharmacokinetics of Ixazomib
The pharmacokinetics (PK) of ixazomib have been extensively characterized in clinical studies. In addition to noncompartmental PK analyses of data collected in phase I dose-finding trials [21, 22, 27, 28, [33] [34] [35] , two population PK analyses have been conducted to support the switch from body surface area (BSA)-based dosing to fixed dosing, and to determine the impact of various intrinsic or extrinsic factors on ixazomib PK [36, 37] . This section summarizes the absorption, distribution, metabolism, and elimination properties of ixazomib.
Absorption

Dose-Linearity and Absolute Bioavailability
Ixazomib absorption is rapid following oral administration, with a median time to reach maximum plasma concentration (T max ) of approximately 1 h post-dose [21, 22, 33, 35] . An initial population PK analysis using data from four phase I studies of ixazomib administered via intravenous and oral dosing, and a subsequent population PK analysis incorporating data from 10 clinical studies, including results from the phase III TOURMALINE-MM1 study, demonstrated that ixazomib PK were adequately described by a three-compartment model with first-order linear absorption [36, 37] . Plasma exposure of ixazomib increases dose-proportionally [21, 22, 35] , based on non-compartmental analyses. This conclusion of dose-linear PK was corroborated by subsequent population PK analysis, in which no readily apparent relationship was observed between oral dose (0.2-10.6 mg) and apparent oral clearance [36] . An absolute oral bioavailability of 58% was determined for ixazomib based on the population PK analysis [36] .
Bridging Across Early Development Formulations
The capsule formulation for ixazomib was modified following early phase I clinical studies to include talc and magnesium stearate as excipients. The updated capsule formulation was used in all other subsequent and ongoing studies, including in the pivotal TOURMALINE-MM1 study [20] , and is also the current commercially available formulation. A randomized two-way crossover study was performed to assess the single-dose PK of ixazomib following administration of each capsule formulation. Results from this study demonstrated that the disposition of ixazomib was similar after administration of either capsule formulation with geometric least squares mean ratios for maximum plasma concentration (C max ; 1.16) and total systemic exposure (AUC 216 ; 1.04) that were close to 1 [38] . Accordingly, the results of this relative bioavailability study provided justification for the pooling of data generated across studies using these formulations in integrated analyses of population PK, safety, and efficacy as part of the overall benefit-risk evaluation of ixazomib [38] .
Food Effect
Administration with food can alter the absorption and metabolism of an oral drug [39] . In accordance with US regulatory guidance [40] , the effect of a high-calorie, highfat meal on ixazomib PK was evaluated in a phase I study in patients with advanced solid tumors or lymphoma [41] .
Patients received a 4 mg oral dose of ixazomib on day 1, with or without food, followed by another dose on day 15 under the alternate food intake condition. Under fed conditions, the T max of ixazomib was delayed by approximately 3 h compared with administration in the fasted state (4.0 vs. 1.02 h), and AUC and C max were reduced by 28 and 69%, respectively (Fig. 2 ) [41] . These findings indicate that administration after consumption of a high-fat meal decreases the rate and extent of ixazomib absorption, with a modest negative food effect on AUC. Nevertheless, this 28% reduction in total systemic exposure has potential clinical relevance and cannot be disregarded because ixazomib exposures at the starting dose level of 4 mg would be effectively decreased to those observed with a 3 mg dose, i.e. the first reduced dose level. As such, and consistent with recommendations in the TOURMALINE-MM1 pivotal trial for drug administration on an empty stomach, it is recommended that ixazomib be taken on an empty stomach, at least 1 h before or at least 2 h after food [18, 19] . The observed negative food effect on ixazomib bioavailability, coupled with a delay in T max , is entirely consistent with expectations for a BCS class 3 drug [42] .
Distribution
The steady-state volume of distribution of ixazomib is large and was estimated to be 543 L based on the population PK model [36] . In vitro plasma protein binding assays were utilized in two clinical studies in patients with varying degrees of renal function and hepatic function [43, 44] . These evaluations demonstrated that ixazomib is highly bound to plasma proteins (99%), with the extent of protein binding being unaffected by renal or hepatic function status [43, 44] .
As red blood cells (RBCs) contain high concentrations of proteasomes, ixazomib exhibits extensive, concentrationdependent RBC partitioning [25] . This was demonstrated in patients with relapsed/refractory amyloid light-chain (AL) [41] amyloidosis receiving single-agent ixazomib, where the overall blood-to-plasma AUC ratio was approximately 10 among patients who received weekly ixazomib 4 mg [35] . Reflecting the concentration-dependence in RBC partitioning, this ratio changed over time post-dose, with the C max blood-to-plasma ratios on days 1 and 15 being 2.38 and 2.89, and the AUC 168 blood-to-plasma ratios being 12.7 and 9.86, respectively [35] . As highlighted in Sect. 3, in vivo xenograft studies suggested that, due to its more rapidly reversible proteasome binding kinetics, ixazomib distributes much more readily from the blood to tumor tissue than bortezomib, resulting in a greater tumor-to-blood area under the effect-time curve (AUE) ratio and prolonged pharmacodynamic effects [25] ; however, it should be noted that due to its better tolerability, the ixazomib dose was approximately tenfold higher than the bortezomib dose in these studies, which may have led to greater target saturation in blood, and thus greater exposure in tumor tissue. Distribution of ixazomib into tumor tissue was demonstrated in a phase I study in patients with advanced non-hematologic malignancies, in which ixazomib was present in post-dose biopsies from all 10 patients evaluated [28] ; however, a quantitative analysis of tumor distribution kinetics was not possible due to the collection of tumor samples for PK analysis at a single post-dose timepoint per patient under non-steadystate conditions. This was a result of the inherent practical limitations in collecting tumor samples from invasive biopsy procedures.
Ixazomib is a low-affinity substrate of P-glycoprotein (P-gp), but is not a substrate of breast cancer resistance protein (BCRP), multidrug resistance-associated protein 2 (MRP2), or hepatic organic anion transporting polypeptides (OATPs), based on in vitro studies [18, 19] . In vitro studies have also determined that ixazomib is not an inhibitor of P-gp, BCRP, MRP2, OATP1B1, OATP1B3, organic cation transporter (OCT) 2, OAT1, OAT3, multidrug and toxin extrusion proteins (MATE) 1, or MATE2-K [18, 19] . Consequently, the risk of transporter-mediated drug-drug interactions (DDIs) with ixazomib was predicted to be low [18, 19, 45] .
Metabolism
The biotransformation pathways of ixazomib have been examined in a phase I study utilizing 14 C-ixazomib in patients with advanced solid tumors or lymphoma [46] . The major biotransformation pathways included hydrolysis, deboronation, and N-dealkylation (Fig. 3) . None of the major metabolites retained the boronic acid moiety of ixazomib and are thus unlikely to be pharmacologically active [46] .
In vitro studies have evaluated the contribution of seven cytochrome P450 (CYP) isozymes to ixazomib metabolism using microsomes containing recombinantly expressed human CYP enzymes [18, 19, 47] . At clinically relevant concentrations, no single CYP isozyme predominantly contributed to ixazomib metabolism; however, at concentrations higher than those observed clinically, ixazomib was metabolized by multiple CYP isozymes, with estimated relative contributions being the highest for CYP3A4 (42%), CYP1A2 (26%), and CYP2B6 (16%) [18, 19, 47] . Based on these findings, non-CYP-mediated clearance appears to be the major contributor to ixazomib clearance, and only minimal CYP-mediated DDIs with CYP inhibitors would be expected.
Elimination
As noted in Sect. 4.1, ixazomib demonstrated multiphasic disposition kinetics that were best described by a threecompartment model with linear distribution and elimination kinetics [36, 37] . Based on a population PK analysis, systemic clearance was approximately 1.9 L/h, with inter individual variability of 44%, and the geometric mean terminal disposition phase half-life of ixazomib was 9.5 days [36] . Clinical studies of weekly oral dosing indicated an accumulation ratio of approximately 2.0 after multiple dosing [21, 27, 35] .
Excretion of ixazomib was investigated in the mass balance component of the phase I study utilizing 14 C-ixazomib [48] . Blood, urine, and fecal samples were collected from seven patients with advanced solid tumors or lymphoma, with accelerator mass spectrometry used to measure the amount of total radioactivity excreted. In the five PKevaluable patients, the mean total cumulative recovery of ixazomib-related radioactivity in urine and feces combined was 83.9%, with recovery predominantly (62.1%) in the urine [48] . Notably, only 3.23% of the administered dose was recovered in the urine as unchanged ixazomib during the 168-h post-dose collection interval, indicating that renal clearance of ixazomib was minimal (geometric mean of 0.119 L/h) [48] . The log-linear decline of plasma concentrations of total radioactivity (i.e. drug-related material) paralleled that of parent drug concentrations, supporting the inference of formation rate-limited clearance of ixazomib metabolites.
Intrinsic Factors
Age, Body Surface Area, and Sex
The two population PK analyses that were conducted for ixazomib [36, 37] were important for determining the impact of multiple intrinsic factors on the PK of ixazomib. The initial population PK analysis utilized pooled data from 226 patients enrolled across four phase I trials in RRMM, relapsed/refractory lymphoma, and advanced solid tumors.
The focus of the initial population PK analysis was to investigate the feasibility of switching from BSA-based dosing for ixazomib to fixed dosing, which would considerably simplify ixazomib administration in future studies [37] . Although a small effect of BSA (range 1.3-2.6 m 2 ) was observed on the volume of distribution of the second peripheral compartment, there was no relationship between BSA and ixazomib clearance. Furthermore, simulations estimated that ixazomib exposure was similar following oral dosing with a BSA-based dose of 2.23 mg/m 2 or a fixed dose of 4 mg [37] .
Following this initial population PK analysis, a decision was made to switch from BSA-based dosing to fixed-dose administration, with a 4 mg weekly dose selected for use in the TOURMALINE-MM1 [20] and TOURMALINE-MM2 (NCT01850524) phase III trials. Similar findings were seen in the subsequent population PK analysis [36] . BSA on the volume of the second peripheral compartment was the only covariate included in the final model. None of the additional covariates tested were found to impact systemic clearance. These observations support the use of fixed dosing over C-label utilized in the ADME study. M numbers refer to one of eight putative metabolites; FH, P, and U numbers refer to metabolite numbers identified in fecal homogenate, plasma, and urine. Reproduced from Pusalkar et al., Drug Metabolism and Pharmacokinetics [46] . Copyright 2018, with permission from Elsevier/the Japanese Society for the Study of Xenobiotics. ADME absorption, distribution, metabolism, and excretion BSA-based dosing for ixazomib, and are included in the US and European labeling for ixazomib [18, 19] .
The initial population PK analysis also showed that neither age nor sex had any clinically meaningful effect on ixazomib PK [37] . This finding was corroborated by the subsequent population PK analysis, which included data from 755 ixazomib-treated patients [36] , including patients enrolled in the phase III TOURMALINE-MM1 trial [20] . The covariates of age (Fig. 4) and sex (Fig. 5) were found to not have an impact on ixazomib PK, and thus no dose adjustments are required [36] .
Race
Race (White vs. non-White) was another covariate that demonstrated no clinically meaningful effect on ixazomib PK in the initial population PK analysis [37] . Nevertheless, because the PK of a drug can be affected by race/ethnicity [49] [50] [51] [52] , two dedicated phase I studies further evaluated the PK of ixazomib in representative East Asian [53] and Japanese [54] patient populations in order to assess the suitability of Asia-inclusive globalization of the pivotal clinical program at a common global dose. The data from these studies were then included in the subsequent, more comprehensive population PK analysis (Fig. 5) [36] .
One dose-finding phase I study investigated the PK of weekly oral ixazomib in combination with Rd in East Asian RRMM patients [53] . Of the 43 patients enrolled, 47% were Chinese, 37% were Korean, and 16% were of another Asian ethnicity. The PK of ixazomib, when administered in combination with Rd, appeared similar across the different East Asian racial subgroups. In this East Asian patient population, an ixazomib dose of 4 mg once weekly, in combination with Rd, was confirmed as the recommended phase II/III dose [53] .
A planned comparison of dose-normalized AUC data for East Asian patients with pooled historical data from Western patients with RRMM or AL amyloidosis [21, 33, 35] revealed higher systemic exposures in East Asian patients (28% on day 1, 49% on day 15); however, these increases were considered to be modest in the context of the associated PK variability (percentage coefficient of variation [%CV] for AUC 168 ; on day 1: 78% in East Asian patients, 95% in Western patients; on day 15: 48 and 44%, respectively) [53] . Furthermore, exposure in Asian patients at the global phase III dose of 4 mg was not expected to exceed that at the MTD in Western patients (2.97 mg/m 2 [33] , which equates to 5.5 mg), suggesting that dose adjustments are not required in this population [53] . In the China Continuation of the global phase III TOURMALINE-MM1 study, analysis of PK data using the second population PK model [36] showed that mean ixazomib exposure (AUC) was 80% higher in Chinese patients versus White patients [55] . The reasons for this observation are not known; however, importantly, the higher exposures did not appear to translate into a greater incidence of adverse events, and the ixazomib-Rd regimen demonstrated a favorable benefit-risk profile in Chinese patients with RRMM in this continuation study [55] .
The PK of weekly oral ixazomib after administration of a 4 mg dose were also investigated, alone or in combination with Rd, in 14 Japanese RRMM patients [54] . Although geometric mean C max and AUC 168 values were slightly lower in the ixazomib-Rd cohort, the high interpatient variability makes drawing definitive conclusions about ixazomib PK between the single-agent and combination cohorts in this study difficult. Notably, there was no clinically meaningful effect of Rd treatment on the PK of ixazomib as assessed by population PK analysis (Fig. 5) [36] .
Overall, the two studies in East Asian [53] and Japanese [54] patients indicated no clinically relevant effect of Asian race on the PK of ixazomib, which was further supported by the results of the second population PK analysis (Fig. 5 ) [36] . The results of this integrated population PK analysis showed that Black patients and patients of other races had similar systemic exposures of ixazomib relative to White patients, whereas East Asian patients had a mean AUC ∞ that was 35% higher compared with White patients. However, the range of individual patients' systemic exposures in East Asian and White patients substantially overlapped, and, when considered in conjunction with the safety and efficacy findings, it was determined that both Japanese and East Asian patients could be included in global phase III trials without the need for dose adjustment, i.e. at the 4 mg starting dose of ixazomib [36] .
Renal Function
Renal impairment, which is a major complication of MM [56] , can alter the PK of anticancer drugs, even if the kidney is not involved in drug elimination. This may lead to increased toxicity, particularly if the degree of renal impairment is severe [57] [58] [59] . As noted in Sect. 4.4, renal clearance of unchanged ixazomib was minimal based on the findings from the mass balance study [48] . Furthermore, the initial population PK analysis demonstrated no impact of mild-to-moderate renal impairment, defined as a creatinine clearance (CrCl) of 30-89 mL/min, on ixazomib PK [37] . Specifically, this analysis included patients with CrCl values ranging from 21.9 to 213.7 mL/ min, and did not identify CrCl as a clinically meaningful covariate on ixazomib PK parameters [37] . Based on this analysis, patients with mild-to-moderate renal impairment were allowed to participate in phase III trials of ixazomib without the need for an initial dose adjustment [37] . This conclusion was further supported by the findings of the subsequent, more extensive population PK analysis, which evaluated patients with CrCl values ranging from 25.8 to 297 mL/min [36] . This analysis also showed that mild-tomoderate renal impairment had no impact on the systemic clearance of ixazomib, and that there was no correlation between CrCl and ixazomib systemic exposure (Fig. 4 ) [36] .
However, patients with MM can present with or develop more severe renal impairment (CrCl < 30 mL/min) or endstage renal disease (ESRD). These patient populations were excluded from clinical trials during development. Thus, a dedicated phase I/Ib PK and safety study was conducted to characterize the single-dose PK of ixazomib in patients with either normal renal function (CrCl ≥ 90 mL/min), severe renal impairment (CrCl < 30 mL/min), or ESRD requiring hemodialysis [43] . After a single 3 mg oral dose, ixazomib was rapidly absorbed across all renal function groups, with a median T max of 1.0-1.25 h. Severe renal impairment and ESRD requiring hemodialysis had a similar effect on ixazomib PK. As a result, data from these two renal function groups were pooled and compared with the normal renal function group (Fig. 6a) . Based on geometric least squares mean ratios, unbound and total systemic exposures of ixazomib (AUC) were 38 and 39% higher, respectively, in patients with severe renal impairment or ESRD requiring hemodialysis versus patients with normal renal function. Therefore, a reduced starting dose of 3 mg was recommended for MM patients with severe renal impairment or ESRD requiring dialysis because a 3 mg dose would be expected to provide systemic exposures comparable with those achieved in patients with normal renal function after receiving the standard 4 mg dose. Additionally, total ixazomib concentrations were similar in pre-and post-dialyzer samples collected hourly from ESRD patients during a 4 h hemodialysis session, indicating that ixazomib can be administered without regard to the timing of dialysis [43] . The findings of the population PK analyses and dedicated renal impairment study, as well as the associated dosing recommendations, are reflected in the US prescribing information [18] and EU Summary of Product Characteristics [19] .
Hepatic Function
Population PK analyses [36, 37] and a dedicated phase I PK study [44] were conducted to evaluate the effect of hepatic impairment on ixazomib PK. Patients with MM present with or develop hepatic impairment much less frequently than renal impairment [60, 61] . Nevertheless, as metabolism appears to be the major mechanism of ixazomib clearance [47, 48] , reduced liver function may result in increased systemic exposures of ixazomib. In addition, patients with moderate or severe hepatic impairment were excluded from clinical studies conducted during development. Analyses were therefore undertaken to evaluate the impact of various degrees of hepatic impairment on the PK of ixazomib.
In the initial population PK analysis [37] , total bilirubin over the range of 1.7-39.3 µmol/L (0.01-2.30 mg/dL) showed no association with ixazomib clearance or systemic exposure when examined as a covariate. Similarly, the second population PK analysis confirmed that none of the parameters generally associated with liver function status, i.e. total bilirubin (1.71-39.3 µmol/L [0.01-2.30 mg/dL]), aspartate aminotransferase (4-127 U/L), and serum albumin (12-55 g/L) (Fig. 4) , had any clinically meaningful impact on systemic exposures of ixazomib, thereby indicating that no dose adjustments are necessary for patients with mild hepatic impairment [36] .
To investigate the effects of more severe liver disease on ixazomib PK, a phase I hepatic impairment study was conducted in patients with advanced solid tumors who had moderate or severe hepatic impairment as defined by the National Cancer Institute Organ Dysfunction Working Group criteria [44] . Lower doses of ixazomib were administered to patients with hepatic impairment to account for the anticipated higher exposures and to ensure patient safety. Patients with normal hepatic function, moderate hepatic impairment, or severe hepatic impairment received 4, 2.3, or 1.5 mg doses of ixazomib, respectively. After single-dose administration, ixazomib was rapidly absorbed in all three hepatic function groups, with a median T max of approximately 1-1.5 h postdose. Moderate and severe hepatic impairment had a similar effect on ixazomib PK, supporting the pooling of data from these two groups for the purposes of making comparisons to the normal hepatic function group (Fig. 6b) . Based on geometric least squares mean ratios, unbound and total dosenormalized systemic exposures of ixazomib (AUC) were 27 and 20% higher, respectively, in patients with moderate or severe hepatic impairment versus patients with normal hepatic function [44] . As a result, a reduced weekly starting dose of ixazomib 3 mg is recommended for patients with moderate-to-severe hepatic impairment. For these hepatically impaired patients, the 3 mg dose would be expected to provide systemic exposures comparable to those achieved with the 4 mg dose in patients with normal hepatic function. Fig. 4 Impact of intrinsic factors on ixazomib PK, as determined from an integrated population PK analysis, including (a) age, (b) total bilirubin, (c) body surface area, (d) creatinine clearance, (e) weight, (f) hematocrit, and (g) albumin. Red and black dots indicate the median and 5th and 95th percentile of individual covariate values, respectively. Numbers (brackets) show the percentage change in AUC ∞ at the 5th and 95th percentile relative to the value at the median, based on the shown linear regression (and 95% CI). Reproduced from Gupta et al., with permission from Springer Nature: Adis International, Clinical Pharmacokinetics (https ://link.sprin ger.com/ journ al/40262 ). © 2017 [36] . ALB serum albumin, AUC area under the concentration-time curve, BILI total bilirubin, BSA body surface area, CI confidence interval, CrCl creatinine clearance, HCT hematocrit, PK pharmacokinetics, WGT weight ◂ The aforementioned findings from the population PK analyses and dedicated hepatic impairment study, along with the corresponding posology recommendations, are reflected in the US prescribing information [18] and EU Summary of Product Characteristics [19] .
Extrinsic Factors
Drug-Drug Interactions
Coadministration of ixazomib with other anti-myeloma agents has been investigated in a number of clinical studies, with the findings demonstrating the feasibility of combining ixazomib in a range of regimens [33, 34, 62, 63] . Two dose-finding, phase I/II trials investigated the PK of onceand twice-weekly oral ixazomib in combination with Rd in patients with newly diagnosed MM (NDMM) [33, 34] . In both studies, ixazomib PK data were consistent with observations following once-and twice-weekly administration as a single-agent in patients with RRMM [21, 22] , indicating no PK interaction with Rd. Consistently, the second population PK analysis also revealed no impact of Rd coadministration on ixazomib exposure (Fig. 5) [36] . [36] . AUC area under the concentrationtime curve, CI confidence interval, len/dex lenalidomide/dexamethasone, PK pharmacokinetic Ixazomib has also been studied in combination with melphalan and prednisone (MP) in a phase I/II trial in elderly, transplant-ineligible NDMM patients [62] . The PK of weekly oral ixazomib at the recommended phase II dose in combination with MP were comparable with reported singleagent PK data after weekly administration [21] , indicating no clinically meaningful effect of MP on ixazomib PK [62] . Similar conclusions were reached for cyclophosphamide and dexamethasone (Cd) based on an analysis of the PK of ixazomib in combination with these two agents in a phase II study [63] . Ixazomib systemic exposures in combination with Cd were similar to those seen with single-agent ixazomib [21] , thereby suggesting no PK interaction during coadministration with Cd.
DDI studies have been conducted to evaluate the effect of coadministration of strong CYP3A inhibitors or strong CYP3A inducers on ixazomib PK. As noted in Sect. 4.3, in vitro studies indicate that, at clinically relevant concentrations, ixazomib is metabolized predominantly by non-CYP enzymes/proteins [18, 19] . At supratherapeutic concentrations, multiple CYP isoforms were capable of metabolizing ixazomib, with the highest estimated relative contributions being noted for CYP3A4 (42%) and CYP1A2 (26%) [18, 19, 47] . Based on this observation, a multi-arm DDI study was undertaken to investigate the effect of the strong CYP3A inhibitors ketoconazole and clarithromycin, and the strong CYP3A inducer rifampin, on the single-dose PK of ixazomib in patients with advanced solid tumors or lymphoma [47] .
Neither ketoconazole (400 mg once daily) nor clarithromycin (500 mg twice daily) produced clinically relevant effects on systemic exposures of ixazomib [47] . For example, in the DDI study with clarithromycin, patients received clarithromycin 500 mg twice daily for 16 days, with a single 2.5 mg dose of ixazomib on day 6. Ixazomib PK parameters in the presence of clarithromycin were compared with PK parameters measured after a single 2.5 mg single-agent dose of ixazomib in a separate arm of the study (Fig. 7a) . The geometric least squares mean ratio for ixazomib AUC 264 (with versus without clarithromycin) was 1.11. Based on these DDI study results and simulations from a physiologically based PK (PBPK) model that predicted similar AUC ratios for two other strong CYP3A inhibitors (ritonavir and itraconazole), it was concluded that no dose adjustment is necessary when ixazomib is coadministered with CYP3A inhibitors [47] .
However, in the rifampin DDI study, a clinically significant reduction in ixazomib C max and AUC were observed during coadministration with rifampin (Fig. 7b) [47] . Geometric least squares mean ratios (with versus without rifampin) for ixazomib AUC last and C max were 0.26 and 0.46, respectively, reflecting approximate decreases of 74 and 54% in these parameters in the presence of rifampin [47] . A potential explanation for these findings is that although the contribution of CYP-mediated metabolism to the baseline clearance of ixazomib is minimal, the contribution of CYP3A and other rifampin-inducible enzymes to ixazomib [44] . AUC area under the concentration-time curve, ESRD end-stage renal disease clearance in the induced state is likely higher. This is likely due to the high capacity/efficiency of CYP3A induction by rifampin, as well as the pleiotropic induction effects of rifampin that may result in an increased contribution of pregnane X receptor-inducible enzymes and possibly P-gp-mediated efflux to the total clearance of ixazomib [47] . These rifampin DDI study findings resulted in the recommendation to avoid concomitant administration of ixazomib with strong CYP3A inducers [18, 19] .
The potential for DDIs between ixazomib and inhibitors of CYP1A2, such as ciprofloxacin, and the effect of smoking status (considering that smoking induces CYP1A2 activity) [47] was studied as part of the second population PK analysis [36] . Reflecting the smaller contribution of CYP1A2 versus CYP3A4 to ixazomib metabolism in in vitro studies at supratherapeutic concentrations, coadministration of CYP1A2-modulatory drugs had no impact on ixazomib clearance in the population PK model (although it should be noted that only 1.4% of patients received coadministered CYP1A2-modulatory drugs) [36] . Similarly, smoking status had no effect on ixazomib clearance or exposure (Fig. 5) . Thus, no dose adjustments are required during coadministration with CYP1A2 inhibitors or for smokers [36] .
Exposure-Response Relationship
Concentration-QTc Relationship
It is imperative to assess the effect of anticancer drugs on cardiac parameters, including the QTc interval, due to the potential risk of cardiac toxicity [64] [65] [66] . This is particularly relevant for PIs as carfilzomib treatment has been linked with cardiac failure and ischemia [10, 11, 67] . For ixazomib, a three-part, integrated, non-clinical and clinical risk assessment of its effect on the QTc interval was undertaken. This assessment utilized cardiac safety data from in vitro studies, non-clinical in vivo evaluations, and PK/pharmacodynamic model-based analysis of electrocardiogram data from phase I clinical studies, and was successfully undertaken as an alternative to a dedicated QTc study [68] .
Human ether-a-go-go-related gene (hERG) assays, which evaluate the main pharmacodynamic mechanism underlying prolongation of the ventricular action potential and QT interval extension in humans, indicated that the in vitro binding potency for ixazomib to the hERG channel was weak. Additionally, an in vivo telemetry analysis in dogs showed no evidence of treatment-related QT/QTc prolongation, or clinically relevant changes in other electrocardiogram parameters, heart rate, or blood pressure at ixazomib doses up to 4.2 mg/m 2 . Finally, time-matched triplicate ECG and PK data from four phase I clinical studies [21, 22, 27, 28] were utilized in a population model-based concentration-QTc analysis [68] . Even at an ixazomib plasma concentration of 200 ng/mL (approximately four times the geometric mean C max at the approved 4 mg dose), ixazomib appeared to have no clinically meaningful effect on QTc, with predicted mean drug-induced changes in QTc that were well below 5 ms (Fig. 8) , the regulatory threshold specified by the International Conference on Harmonization (ICH) E14 guidelines [65, 66] . Additionally, no relationship was seen between ixazomib concentration and the RR interval [68] . Taken together, the results of the cardiac risk assessment showed no clinically meaningful effects of ixazomib on QTc or heart rate at clinically relevant exposures [68] . The US FDA and the European Medicines Agency accepted this analysis in lieu of a dedicated QT study, and these results are integrated in the ixazomib US prescribing information and European Summary of Product Characteristics [18, 19] . A dedicated exposure-response analysis was undertaken of single-agent ixazomib in RRMM [69] . Logistic regression was utilized to investigate relationships between ixazomib plasma exposure and safety using phase I data from 44 patients with RRMM treated with single-agent ixazomib [69] . Significant relationships were identified between ixazomib exposure and grade 3 or higher neutropenia, grade 3 or higher thrombocytopenia, grade 2 or higher rash, grade 2 or higher fatigue, and grade 2 or higher diarrhea, as well as the clinical benefit rate. No relationship was apparent between ixazomib exposure and grade 2 or higher PN; however, the sample size was small, and only six patients had grade 2 or higher PN events, two in the lower-exposure group and four in the higher-exposure group (dichotomized by median exposure). These exposure-response relationships indicated a favorable benefit/risk profile at doses of 3 and 4 mg weekly, and, based on these data, it was recommended that patients receiving ixazomib in the two phase III maintenance trials (TOURMALINE-MM3 and TOURMALINE-MM4) should receive an initial weekly dose of 3 mg, with a subsequent increase to 4 mg if the 3 mg dose is adequately tolerated after four cycles, to provide maximum clinical benefit balanced with acceptable tolerability [69] .
Exposure-Safety Relationships of Ixazomib-Rd in the RRMM Phase III Trial
Exposure-safety analyses were conducted to better understand the relationship between the phase III ixazomib dose and safety in the TOURMALINE-MM1 study [20] . PK data from patients in the ixazomib-Rd arm of TOURMA-LINE-MM1 were included in an exposure-safety analysis to determine the relationship between ixazomib exposure (with patients divided into exposure quartiles) and the risk of clinically relevant hematologic and non-hematologic adverse events [32] . Statistically significant associations were demonstrated using logistic regression modeling between ixazomib exposure and the risk of grade 3 or higher anemia and thrombocytopenia, and grade 2 or higher diarrhea, fatigue, nausea, PN, and rash ( Fig. 9 ) [32] . Related to these findings, higher ixazomib exposure was associated with a lower relative dose intensity of lenalidomide, likely due to the increased need for toxicity-related dose reductions [32] .
Exposure-Efficacy Relationships of Ixazomib-Rd in the RRMM Phase III Trial
Exposure-efficacy analyses (of PFS and response rates) were also conducted using population PK model-derived individual estimates of ixazomib PK parameters in patients enrolled in the ixazomib-Rd arm of TOURMALINE-MM1, with patients again divided into ixazomib exposure quartiles [32] . There was no relationship between ixazomib exposure and PFS, and the median PFS was longer for each ixazomib exposure quartile in the ixazomib-Rd arm versus the placebo-Rd arm (Fig. 10 ) [32] . Consistent with these observations, ixazomib systemic exposure was not identified as a predictor of PFS in Cox proportional hazards modeling, confirming the consistent treatment benefit across the range of exposures achieved at the 4 mg starting dose in combination with Rd in patients with RRMM. Similarly, based on logistic regression analysis, there were no relationships between ixazomib exposure and response rates, and the overall response rate was higher for each ixazomib exposure quartile in the ixazomib-Rd arm versus the placebo-Rd arm.
Conclusions
The PK of ixazomib, underlying sources of population variability, and relationships to clinical safety and efficacy outcomes have been comprehensively evaluated in multiple clinical and dedicated clinical pharmacology studies, as well as through model-based analyses using population PK and exposure-response models. The findings from these studies and analyses have played an important role in determining ixazomib posology, including confirming the feasibility of using fixed dosing in the adult population, and elucidating the recommended phase III dose and the recommended reduced starting dose for patients with severe renal impairment, ESRD requiring dialysis, or moderate-tosevere hepatic impairment. A food effect study established the importance of taking ixazomib on an empty stomach at least 1 h before or 2 h after food, based on the reduced ixazomib exposure and C max observed when administered in the fed state, and DDI studies have shown the need to avoid concomitant administration of ixazomib with strong CYP3A inducers such as rifampin. Importantly, data from clinical studies have demonstrated that other common antimyeloma agents do not impact the PK of ixazomib. The results from these PK evaluations supported the successful initial submissions for regulatory approval of ixazomib, and [32] . PFS progression-free survival, HR hazard ratio, CI confidence interval, Rd lenalidomide/dexamethasone
